Experimental evidence for Majorana bound states (MBSs) is so far mainly based on the robustness of a zero-bias conductance peak. However, similar features can also arise due to Andreev bound states (ABSs) localized at the end of an island. We show that these two scenarios can be distinguished by an interferometry experiment based on embedding a Coulomb-blockaded island into an Aharonov-Bohm ring. For two ABSs, when the ground state is nearly degenerate, cotunneling can change the state of the island and interference is suppressed. By contrast, for two MBSs the ground state is nondegenerate and cotunneling has to preserve the island state, which leads to h/e-periodic conductance oscillations with magnetic flux. Such interference setups can be realized with semiconducting nanowires or two-dimensional electron gases with proximity-induced superconductivity and may also be a useful spectroscopic tool for parity-flip mechanisms.
PACS numbers: 71.10.Pm, 74.50.+r, 74.78.-w Andreev bound states (ABSs) are coupled particlehole excitations of superconductors bound to impurities [1] [2] [3] , to their surface [4] , or in junctions [5] with an energy in the superconducting gap. Since an ABS is a fermionic excitation, its field operator f = γ 1 + iγ 2 can be decomposed into a pair of Majorana operators γ 1 = γ † 1 , γ 2 = γ † 2 . While the corresponding wave functions overlap in space in most cases, they can also be spatially separated for topological superconductors with triplet pairing [6] [7] [8] [9] [10] . This pins the energy of these Majorana bound states (MBSs) robustly to the middle of the superconducting gap and renders their non-Abelian exchange statistics accessible through braiding [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] . Both properties may be useful for quantum computation [22] [23] [24] .
Topological superconductors may be realized in semiconductors with strong spin-orbit coupling, proximityinduced superconductivity, and magnetic fields [25, 26] . Evidence for MBSs in these systems is based on a robust zero-bias conductance peak [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] as predicted by theory [37] [38] [39] [40] [41] . However, such a peak can also be caused by disorder [42] , multi-band effects [43] , weak antilocalization [44] , the Kondo effect [45] and, in particular, ABSs [46, 47] . To rule out disorder effects, intensive efforts have been made to fabricate cleaner devices [48] [49] [50] [51] [52] .
Distinguishing MBSs from ABSs is one of the most urgent goals in Majorana research. What we refer to here as ABSs are modes with a large Majorana overlap. If ABSs are extended along the island, they may be discriminated from MBSs by probing a finite conductance in the middle of the island or by a strong response to a gate affecting the middle region. However, one cannot discriminte ABSs from MBSs in this way if there are two terminal ABSs, i.e., one ABS localized at each end of an island [ Fig. 1(c) ]. While the general expectation is that ABSs do not show a similar robustness against parameter variations as MBSs, ABSs can stick close to zero energy under special conditions when the longitudinal confinement potential is smooth [53, 54] . This situation has to be contrasted with the desired situation of two MBSs [ Fig. 1(d) ] when the potential is rather uniform and rises sharply at the end of the island.
In this Rapid Communication, we show how to distinguish the case of two terminal ABSs close to zero energy from the case of two terminal MBSs by embedding a Coulomb-blockaded island into an interferometric setup [ Fig. 1(a) ]. Interferometers have been proposed earlier to detect MBSs in grounded [55] [56] [57] [58] [59] [60] [61] and floating [62] [63] [64] [65] [66] devices and also to distinguish MBSs from ABSs [60, 64] . The advantages of our proposal are that it (i) relies on a standard charge current measurement, (ii) successfully distinguishes between MBSs and ABSs also when the MBSs are not fully localized, and (iii) can straightforwardly be implemented using current fabrication capabilities.
We focus on the case when the charging energy E C is the dominant energy scale (besides the superconducting gap ∆) as in Majorana box qubits [67, 68] . This allows us to study the transport in the cotunneling regime when the total charge on the island is fixed. This also fixes the total fermion parity of the ground state, which can be (almost) two-fold degenerate in the case of two ABSs, while it is nondegenerate for two MBSs. Thus, cotunneling processes cannot change the state of the island for two MBSs and allow for a large interference contrast. This is different from the limiting case of two localized ABSs, in which the parity of both ABSs can be flipped [64] . This conserves the total fermion parity and reduces the interference contrast strongly. We show that this mechanism, captured by a toy model [ Fig. 1(b) ], also holds when using a microscopic 2D model of the island [ Fig. 1(e) ] tuning between the two limits.
Toy model. Let us consider an island that hosts four Majoranas 1, . . . 4, two localized at each end [ Fig. 1(b) ]. The Hamiltonian reads
where we included the charging energy of the island
Here, n is the number operator for the electrons on the island and n g describes the gating. The above toy model interpolates between the situation of two terminal ABSs and two terminal MBSs: When Ω ε, two ABS are at energy ≈ ε [ Fig. 1(c) ]. As they are formed predominantly by the Majorana operators (γ 1 , γ 2 ) and (γ 3 , γ 4 ), we will denote them by 12 and 34 , respectively. By contrast, when Ω ε, there are two terminal MBSs [ Fig. 1(d) ]. The corresponding Majorana operators (γ 1 , γ 4 ) form a mode 14 with a small energy ≈ ε 2 /2Ω. In addition, the pair of Majorana operators (γ 2 , γ 3 ) forms a mode 23 at higher energy ≈ 2Ω.
Interferometer model. The interferometer is enclosed between two nonsuperconducting leads described by H 0 = rkσ (ε rk − µ r )c † rkσ c rkσ , where c rkσ denotes the annihilator for electrons in lead r = L, R in mode k with spin σ =↑, ↓. The leads are held at a common temperature T and are voltage-biased symmetrically:
The tunnel Hamiltonian reads
where ϕ denotes the superconducting phase on the island and m = 1, 2 enumerates the Majorana operators. In our toy model, we assume that lead r couples only to the two nearest MBSs [first line of Eq. (2)] with energyindependent tunnel matrix elements t rσm . For simplicity, we assume the island to be left-right symmetric, so that they obey the relation t Lσm = (−1) m σt Rσm = t σm [69] . By rotating the spin basis in the leads, one can parametrize the tunnel matrix elements conveniently as t ↑1 = t cos(λ), t ↓1 = 0, t ↑2 = t sin(λ) cos(β)e iδ , and t ↓2 = t sin(λ) sin(β)e iδ [69] . The parameter t, together with the spin-and energy-independent density of states ν of the leads sets the overall tunnel rate Γ = 2πν|t| 2 between the leads and the island, λ characterizes the relative coupling strength of the two Majoranas to the leads, δ is a relative phase shift, and β is the canting of the different spin directions the two Majoranas couple to.
In our model, a featureless reference arm connects the two leads [second term in Eq. (2) . The phase of the direct tunnel amplitude
is controlled by the magnetic flux Φ threaded through the loop (Φ 0 = e/2h). We neglect here decoherence in the reference arm, which is motivated by the experimental observation of phase-coherent transport up to several µm in InAs [51, 70] and InGaAs [71] interferometers. Note that if λ = 0 or β = 0, the island couples only to electrons with spin ↑ (↓) in the left (right) lead. In the special case when the tunneling in the reference arm is spin-conserving (τ sf = 0), no interference can appear because one can tell from the spin of the outgoing electron which path has been taken [72] . In practice, the island is of course not perfectly symmetric and spin-orbit coupling rotates the spin of electrons traveling through the reference arm, resulting in a nonzero interference. For simplicity, we set τ sf = 1, which limits the interference contrast to 1/2 when β = 0 [Eq. (4)].
Transport calculations. Our goal is to understand the behavior of the maximal interference contrast:
Here, I(Φ) is the stationary current through the interferometer. Note that the maximal or minimal current may not necessarily flow for Φ = 0, π. Since interference requires coherent transport through the island, we constrain our calculations to the cotunneling regime. We set up a master equation [69] and consider the specific situation when only one particular charge state n = n 0 of the island is occupied and cotunneling predominantly involves only the adjacent charge state
E C,n0 − E C,n0−1 ). Without loss of generality, we assume n 0 to be even. While our toy model neglects cotunneling through the quasiparticle continuum, quasiparticle states are included partially later on in the 2D island model. The cotunneling rates are computed with the T-matrix approach including terms of O(t 2 , t D ) into the T-matrix [69] . We neglect all other contributions, including those leading to the Kondo effect (Γ, T K T ) and Cooper-pair cotunneling forming a virtual intermediate Cooper pair (Γ U, ∆). Interference contrast for toy model. To contrast the cases of two MBSs and two ABSs, we first study the parameter dependence of the MIC for the toy model (5) . When β = δ = 0 and
Details including an expression for general bias voltage are given in [69] . We see that the MIC tends to its maximal value when Ω/ε 1 (two MBSs), while it tends to zero when Ω/ε 1 (two ABSs) [ Fig. 2(a) ]. This implies that the case of two MBSs and two ABSs can be distinguished by the maximally achievable MIC. In the next two paragraphs, we explain the different behavior of the two cases when only Majoranas 1 and 4 are connected to the leads (λ = 0).
When Ω/ε 1 and Ω V b , T , the island resides mostly in its ground state, in which the parities of the modes 23 and 14 are even. Transport is predominantly carried by parity-conserving cotunneling processes: An electron incoming from one lead flips the parity of mode 14 and the outgoing electron flips it back. Such electrons interfere with electrons tunneling through the reference arm and lead to a large MIC [ Fig. 2(a) ]. The MIC is suppressed when voltage bias or temperature exceed the inelastic cotunneling threshold, i.e., when min(V b , T ) > E [ Fig. 2(a) ]. In this case cotunneling processes can flip the parity of the modes 14 and 23 and bring the island from its ground state to the excited state. We will refer to this as parity-flipping processes (referring to the individual modes) even though the total fermion parity of the island is of course preserved. The occupation probability of the ground and excited state tend to 1/2 when min(V b , T ) E. Importantly, the flux dependence of the cotunneling rates differs by π depending on the initial parity of mode 23 in the cotunneling process [62] . Hence, interference is still possible in each cotunneling event but the MIC becomes suppressed due to averaging over both possible initial states.
When Ω/ε 1, the MIC can be suppressed even if
The reason is that parity-conserving cotunneling is strictly forbidden in the limit Ω = 0: The left lead couples only to mode 12 , while the right lead only couples to mode 34 . A cotunneling process transferring an electron from one to another must therefore flip the parities of both modes and thus results in the final state being different from the initial state. Hence, there is no interference. When ε > T , the crossover from transport dominated by parity-conserving to parity-flipping processes happens when Ω > 2ε
In experiments, this crossover may be influenced by other processes that can flip the parities of the ABSs, such as quasiparticle poisoning from the continuum [73] , or Cooper-pair splitting due to photons [74] or phonons [75] . If the current is averaged over a time shorter than the time between two parity flips, interference remains detectable and the parity of mode 23 can be read out [67] . The MIC may thus also be utilized to measure such rates. The results we show here have to be understood as long-time averages of many parity flips instead.
The qualitative parameter dependence of the MIC remains in most cases unchanged if one considers the general case of λ = 0, β = 0, δ = 0. From numerical calculations, we find only a weak dependence of the MIC on δ except for special points [69] . We find, however, a suppression of the MIC under the condition Fig. 2 (b) and Eq. (4)]. Here, the parity-conserving cotunneling rates vanish because of destructive interference of processes involving only the island (not the reference arm). We finally note that the case Ω = 0 with ε = 0 or λ = 0 is a pathological case of our model [69] .
2D model for Majorana stripe. To see whether the simple toy model discussed so far indeed captures the main physics to contrast the cases of two MBSs and two ABSs, we next turn to a more sophisticated model for the island. Following [76] , we consider a Majorana stripe of width W and length L defined in a two- dimensional FIG. 3 : Suppression of the interference contrast for the transition from two MBSs to two ABSs. We show the energy spectrum of the stripe Hamiltonian (5) (upper panels) with close-ups around zero energy (middle panels) alongside the MIC (lower panels). We compute the MIC both for the 2D stripe model (blue) and the toy model with paraxmeters extracted from the 2D stripe model (green) [69] . The values of EZ and VW are specified in the panels, the lattice constant is a = 10 nm, ∆ = 180 µeV, ESO = m * α 2 /2 = 116.5 µeV, µ = 0, VC = 1 meV, W = 200 nm, L = 2 µm, m * = 0.023 me, U = 50 µeV, T = 1.6 µeV (≈ 20 mK), and V b = 1 µeV. In (i), the toy model breaks down for EZ 0.4 meV (see text).
electron gas [ Fig. 1(e) ]. The electron gas is modeled by a single electron band with effective mass m * at chemical potential µ as described by the following Bogoliubov-de Gennes Hamiltonian:
In the second line, we added the Rashba spin-orbit coupling (with velocity α), the Zeeman energy (E Z ) due to a magnetic field, and the induced superconducting gap. The latter is nonzero where the electron gas is covered by the superconductor: ∆(x) = ∆Θ(W/2 − |x|). The Hamiltonian acts on the four-
T containing the electron (u) and hole (v) components for spin σ =↑, ↓. The Pauli matrices τ i and σ i (i = x, y, z) act on particle-hole and spin space, respectively. Gates are used to confine the states in the transverse direction,
. Equation (5) also models a nanowire if the transverse confinement in one direction is much stronger than in the other (e.g. due to gating) [77] [78] [79] .
Tuning from two MBSs to two ABSs. Accounting for an additional potential profile along the stripe, V W (y) = V W [1 + cos(2πy/L)], we can tune from the case of two MBSs to two ABSs by increasing V W . Computing the energy spectrum of the island [ Fig. 3(a) ], we find for V W = 0 only one mode (n = 1) close to zero energy. This mode is formed by two slightly overlapping MBSs at opposite ends of the stripe. When increasing V W , the second mode (n = 2) comes close to and sticks to zero energy [ Fig. 3(b) ]. When V W is large, the two modes correspond to two ABSs localized at the ends of the wire [69] . The MIC is reduced when V W is increased as the system evolves from two MBSs to two ABSs [ Fig. 3(c) ].
To compute the MIC using the 2D model, we include the 8 lowest modes into our master equation approach. We further extracted the parameters for the toy model from the energies (yielding Ω and ε) and wave functions (yielding the tunnel matrix elements) of the two lowest modes obtained for the 2D model. In this extraction procedure [69] , we neglect the coupling of the Majoranas on the left (right) to the right (left) lead. We find that the toy model reproduces the MIC rather accurately.
We finally discuss the magnetic-field dependence of the MIC [Figs. 3(d)-(i) ]. Similar to the case of two MBSs, the energies of the two ABSs oscillate around zero energy as a function of magnetic field [compare Figs. 3(e) and (h)]. For V W = 0, we see that the MIC also stays large in the nontopological regime for small values of E Z [ Fig. 3(f) ]. The reason is that parity-flipping processes are energetically forbidden as long as 2(E 1 +E 2 ) V b , T . However, when E Z is small, the Coulomb peaks are not 1e periodic [33] , which is a way to distinguish the nontopological from the topological regime in this case.
For the case of two ABSs (V W = 0.4 meV), we find that the MIC is suppressed when there are two modes close to zero energy [ Fig. 3(i) ]. The MIC is restored again when at least one of the modes has an energy V b , T . This happens for small magnetic fields [E Z < 0.5 meV in Fig. 3(i) ] when the ABSs are at large energies or when the case of two MBSs is restored [E Z > 0.9 meV in Fig.  3(i) ]. Again, for small E Z , the Coulomb peaks are not 1e periodic, which rules out the presence of MBSs. We note that the toy model breaks down in this regime because Ω/ε becomes very small (leading to nearly zero current through the island). This does not happen for the full 2D model where all tunnel couplings are accounted for.
Conclusion.
A zero-bias conductance peak in transport spectroscopy of superconducting islands can arise due to MBSs as well as ABSs. While extended ABSs may be probed by a contact in the middle of a superconducting stripe, terminal ABSs cannot. We have shown that terminal ABSs can instead be distinguished from two terminal MBSs by an interference experiment. Such experiments may also be useful to probe quasiparticlepoisoning rates for nonisolated islands. Finally, the idea of our approach may be of interest for initial testing of the presence of MBS in Majorana-qubit devices [21, 67] Since we assume that the charging energy E C is the dominant energy scale, we work in the basis of manybody eigenstates denoted by |n, η η η . Here, n is the number of electrons on the island and η η η = (η 1 , η 2 , . . .) contains the occupations η l of the eigenmodes l of the island. These modes are found by solving for the eigenstates of the BdG Hamiltonian (5): H BdG χ χ χ l = ε l χ χ χ l . The annihilation operator for eigenmode l is given by
where
T contains the electron field operators for spin σ =↑, ↓ at position (x, y). The energies of the many-body eigenstates read
For a nonsuperconducting island, the occupations have to satisfy l η l = n. This condition is lifted in the superconducting case, where they only have to obey the constraint (−1) l η l = (−1) n . Since the modes l are electron-hole superpositions, the occupations η l thus only specify the fermion parity (−1) η l of mode l but not the charge associated with occupying this mode.
Toy model: Eigenmodes and energies
To derive the left-right symmetry relation of the Majorana tunnel couplings in Sec. , we will need the eigenstates and eigenmodes of the toy model (1) . For this purpose, we first rewrite Eq. (1) as
T contains the field operators of the modes α L = (γ 1 + iγ 2 )/2 and α R = (γ 3 + iγ 4 )/2.
By diagonalizing the Hamiltonian matrix
we can express the Hamiltonian as H I = 1 2 β β β † · H I ·β β β with H I = diag(ε 2 , ε 1 , −ε 1 , −ε 2 ) and eigenenergies
The field operators of the eigenmodes are again collected in a 4-component vector β β β = U·α α α, where
and r ± = 1 ± 1/ 1 + (Ω/ε) 2 /2, which satisfies the relation r 
2D island: Tunnel Hamiltonian
Here, we explain how to extract the tunnel matrix elements from the 4-spinor components of the solutions of the BdG equation for our transport calculations.
For the transport calculations for the 2D island model, we start from the standard bilinear tunnel Hamiltonian
We use the same notation as in the main paper and introduced the field operator ψ † σ (x, y) creating an electron on the island at position (x, y) with spin σ.
Inverting Eq. (S1) and using the particle-hole symmetry of H BdG , [P, H BdG ] + = 0 with P = σ y τ y K (K denotes the complex conjugation), yields
The sum in Eq. (S7) includes every particle-hole conjugated mode pair only once. One is, in principle, free to chose which of the modes at energy ±ε l is used. The choice we use is that the sum runs only over modes l that are unoccupied at zero temperature. In the topologically trivial regime at zero magnetic field, these are all the modes with positive energy. However, when a mode crosses zero energy (such as a MBS), then the occupation of that state changes at zero temperature. When then use the mode at negative energy. We use this choice because then the correct electron-hole components will be used for the transport calculations when inserting Eq. (S7) into the tunnel Hamiltonian (S6): Here, p = ±, β
where we assume a point-contact coupling of the leads so that
In Sec. , we show how to express the tunnel amplitudes to the right lead in terms of those to the left lead [Eqs.
(S13) and (S14)] provided the island exhibits a spatial inversion symmetry along the stripe direction. For our transport calculations, we will consider only two relevant charge states n = 0 and n = 1 of the island. Projecting Eq. (S8) on the many-body basis |n, η η η introduced in Sec. , we obtaiñ
rσ c rkσ |1, η η η f 0, η η η i | + H.c., (S11) with tunnel matrix elements
There are two contributions: The first one (∼ t + rlσ ∼ u * lσ ) describes a 'usual' tunneling process, which can also occur in a nonsuperconducting systems: An incoming electron occupies an empty mode l. The second one (∼ t + rlσ ∼ v lσ ) happens only in superconducting systems and describes the formation of a Cooper pair with the incoming electron, leaving the mode l empty in the final state.
and t Rσm = (−1) m ξσt Lσ5−m (a similar relation has also been established in Ref. [1] where the spin quantization is rotated).
Parametrization of Majorana tunnel couplings
As mentioned in the main paper, the Majorana couplings can be parametrized in a simple way by applying a unitary transformation of the spin degree of freedom in the leads. Introducing c Lkσ = U σσ c Lkσ and t σm = U † σσ t σ m in Eq. (S19), we obtain a tunnel Hamiltonian of the same form with c → c and t → t . Defining U in the general form
we can satisfy the conditions t ↑1 ∈ R, t ↓1 = 0, arg(t ↑2 ) = arg(t ↓2 ) by choosing
With this form of the Majorana couplings t σm , they can be parametrized as
Omitting the prime from all quantities, we obtain the expressions stated in the main paper.
Extraction procedure for toy model parameters from solutions for the 2D model
We next explain how we extract the parameters of the toy model from the eigenenergies and eigenstates of the 2D model, which are found numerically.
The first step is to consider only the two modes closest to zero energy and neglect all other modes:
with H I = diag(ε 1 , ε 2 , −ε 1 , −ε 2 ). Matching the eigenenergies (S4) for the toy model to those obtained from the 2D model fixes the parameters Ω and ε to
To obtain the tunnel amplitudes for the toy model, we rotate the modes β l such that the matrix representation of H 2D is given by Eq. (S3). This yields new modesα n whose wave function components yield the tunnel couplings as described in Sec. . Clearly, one unitary transformation that transforms Eq. (S30) on the desired form is given by α α α = U † β β β; however, this is not the only possible transformation. The most general transformation includes an additional phase factor in the definition of the modes β l , i.e., α α α = U † Wβ β β, where W = diag(e iϕ2 , e iϕ1 , e −iϕ1 , e −iϕ2 ). The transformation W leaves the form of Hamiltonian (S30) invariant. Note that the phase factors ϕ 1 and ϕ 2 correspond to phase choice for the eigenstates of H BdG and those can change randomly from one point to the next when applying a numerical diagonalization procedure.
The inclusion of the phase factors is important since it influences where the two modes
are localized within the stripe. Here, we use the componentsũ ln n nσ andṽ ln n nσ of the solutions of the BdG equation in the tight-binding approximation, where n n n = (n x , n y ) denotes the lattice point (|n x | ≤ N x /2, n y ≤ N y /2). Here, ψ n n nσ denotes the electron field operator with spin σ at lattice point n n n. We next introduce a normalized 1D cut of the wave function along the symmetry axis of the stripe,ũ lnyσ =ũ lnx=0nyσ / √ p l and
For this 1D cut, we consider the probability to find a quasiparticle in mode l in the right half of the stripe:
It can be shown that P 2 (ϕ 1 , ϕ 2 ) = 1−P 1 (ϕ 1 , ϕ 2 ). Using a numerical optimization routine, we chose ϕ 1 and ϕ 2 such that P 1 (ϕ 1 , ϕ 2 ) is minimized. We emphasize that there is a freedom how to chose the phases ϕ 1 and ϕ 2 and this choice is therefore neither an approximation nor does it require any assumptions. For this specific choice of the phases, we identifyα
Up to this point, this procedure contains no other approximation than the restriction to the two lowest modes. In the toy model, we additionally neglect the tunnel couplings of mode α r to leadr. This is why it is important to use modes that are maximally localized at the two ends of the island. In this way, the toy model is a simplification as compared to a completely general model of a superconducting island with two modes. For the plots shown in the main paper, we find that the rotated modes with field operatorsα 1 ,α 2 are well localized within one half of the stripe and therefore this approximation works very well.
DETAILS OF THE CALCULATIONS

Tight-binding calculations
For the numerical diagonalization of the Bogoliubovde Gennes Hamiltonian (5), we use a tight-binding approach. The details are discussed in [2] .
Transport calculations
In this Section, we discuss the details of our transport calculations. We briefly describe our master-equation approach and the assumptions behind it. We further give important steps for the computation of the rates needed to set up the master equation and to compute the current.
In terms of the many-body basis |n, η η η introduced in Sec. , the master equation takes the general forṁ
where P η η η = n, η η η|ρ I |n, η η η is the occupation probability of state |n, η η η for the reduced density matrix ρ I of the island. We do not take into account off-diagonal elements of the density matrix (coherences), which is a good approximation when Γ |ε n,η η η − ε n,η η η | for all states η η η, η η η within each charge state. As mentioned in the main paper, we focus on the cotunneling regime, i.e., when only one charge state n = n 0 is occupied. We take n 0 to be even. Furthermore, we consider gate voltages where only states with charge n = n 0 + 1 need to be included as virtual intermediate states, while the contribution from states with charge n = n 0 − 1 may be neglected.
We solve for the stationary solutionṖ 
Here, Γ r r η η η η η η denotes a cotunneling process that transfers an electron from lead r to lead r , where Γ η η η η η η = rr Γ rr η η η η η η . In the case of the toy model, we restrict our calculations to two modes, which is a good approximation if cotunneling through the quasiparticle continuum can be neglected. This requires the island to be long (quantization energy π 2 /2m * L 2 > ∆ provided the island is nearly depleted, µ + E SO ∆) or the gap has to be large (min(ε, Ω), T, V b ∆). The tunnel rates are obtained from the T-matrix approach [3] ,
with the T-matrix
In the above expression, η η η i (η η η f ) denotes the occupations of the island modes in the initial (final) state in charge state n = 0. Furthermore i (f ) refers to the initial (final) states of the lead, which we we sum over, weighted by the probability ρ i = e −βH0 / tr(e −βH0 ) for initial state i in the grand canonical ensemble. The many-body energies are given by E α = ω α + ε n0η η ηα , where H I |n 0 , η η η α = ε n0η η ηα |n 0 , η η η α (see Sec. ) and H 0 |α = ω α |α for α = i, f . The rates Γ . The terms ∼ t can be omitted because they correspond to sequential electron tunneling processes that are exponentially suppressed in the cotunneling regime. The effect of terms ∼ t 2 D would be to add an additional contribution δI to the current. This corresponds to electron-pair tunneling through the reference arm, which does not exhibit a flux dependence as long as higher-order tunneling terms are neglected. An additional contribution δI would reduce the interference contrast in the MBS case somewhat but would not change the findings qualitatively. The contribution δI can, at least in principle, be made much smaller than the contributions we account for: Note that the largest interference contrast is given when t D ∼ t 2 /U , i.e., when the conductances through the two arms are matched. This means that terms ∼ t 
with
with Fermi function f r (ω) = 1/(e (ω−µr)/T + 1) and the Bose function b(ω) = 1/(e ω/T − 1). To simplify the calculation of the integrals (S43) and (S44), we set ω = 0 in the denominators. This is a good approximation when temperature and voltage bias are small compared to energy differences between the island states in different charge sectors (T, V b U ). We obtain the approximate expressions
Analytic expression for interference contrast
We next derive an analytic expression for the maximal interference contrast for the toy model in the case β = δ = 0. We consider here the case of general bias voltage V b and obtain the result (4) given in the main paper in the limit V b → 0.
For the toy model, the master equation takes the simple form
where P η denotes the occupation probability of state |n = n 0 , η 1 = η 2 = (1 + η)/2 . Note that there are only two states denoted by η = ± for each charge state because of the fermion-parity constraint (−1) η1+η2 = (−1) n0 . The stationary solution is simply given by
Assuming deep Coulomb blockade, i.e., ε, Ω U , we approximate E 1 ≈ E 2 ≈ U in Eqs. (S45) and (S46) and obtain
and
So far, no approximations regarding the tunnel couplings have been made.
We now limit our considerations to the case β = δ = 0. By computing the above sums over the tunnel matrix elements, it is straightforward to show that D 
Inserting the resulting expressions for the rates (S37) into the expression (S48) for the stationary occupations yields
and the stationary current reads for τ sf = 1 
and inserting this into Eq. (S59) yields Eq. (4) in the main paper.
DISCUSSION OF RESULTS
Toy model: Pathological case
As mentioned in the main paper, the case Ω = 0 combined with λ = 0 or ε = 0 is a pathological case of our model. The reason is that the mode 23 decouples from the leads. The occupation probability of mode 23 is then not determined by transport but by other parityswitching mechanisms not included in our model (e. g. quasiparticle poisoning). If this switching mechanism is much slower than the time window over which the current is averaged, one may measure a nonzero MIC. In this case, the parity of mode 23 is fixed during that time and only parity-conserving tunnel processes happen. The interference patterns are then shifted by π with respect to each other depending on the parity of mode 23 . This
FIG. S2:
Tuning the probability density of the eigenmodes with the wire potential. In(a), we show the same close-up as in Fig. 3(b) of the main paper. In (b) -(g), we show the probability density P (nx, ny) = σ [|uσ(nx, ny)| 2 + |vσ(nx, ny)| 2 ] of the lowest eigenmode (n = 1, left panels) and the next-tolowest eigenmode (n = 2, right panels). The wire potential is varied as indicated to the right of the panels with the pictograms sketching the corresponding couplings of the Majoranas as in the toy model. Parameters are as in Fig. 3 , left panel.
can be used to read out the parity of this mode as proposed earlier for Majorana box qubits [4] . Furthermore, each time a transition between ground and excited state happens, the current would switch in experiments (for fixed flux Φ). If the parity switching is instead fast compared to the current averaging time, the measurement will average over both patterns and the MIC is zero. The same reasoning also applies when Ω/ε → ∞ and parityflipping cotunneling processes are strongly suppressed.
Toy model: Dependence of the maximal interference contrast on δ
In Fig. S1 , we show that the dependence of the interference contrast on δ is very weak. The only exception is a spot close to (β = 0, δ = π/2) [ Fig. S1(d) ].
2D island model: Tuning from two MBSs to two ABSs
In this Section, we discuss how the probability densities of the eigenmodes evolve when increasing the wire potential barrier V W [Fig. S2 ]. For V W = 0, there is one
